Introduction
Organic semiconductors have been attracting attention due to the advantages of low-cost, large-area printing, mechanical flexibility, and tunable optoelectronic properties for application in organic field effect transistors (OFETs). [1] [2] [3] [4] [5] [6] Their OFET performance has been significantly improved by the rational design of the molecular structure and optimization of the device architecture. [7] [8] [9] In particular, ambipolar materials, which enable hole and electron transport, are very important to realize single-component organic logic circuits 10, 11 and light-emitting transistors 12, 13 as well as the basic understanding of carrier-transport behavior in the solid state.
To date, the performance of ambipolar polymer semiconductors has been dramatically improved, in which their hole and electron mobilities of > 1 cm 2 V -1 s -1 have been reported. 14, 15 However, the ambipolar properties of small molecules are still lower than those of polymer semiconductors. Small molecular semiconductors are considered to be promising ambipolar materials due to their advantages of a well-defined molecular structure, high purity, and less batch-to-batch variations compared to polymer semiconductors. [16] [17] [18] [19] [20] [21] Among the building blocks constituting organic semiconductors, isoindigo (II) is well known as an electron-deficient unit realizing a high performance OFET. 22 II has a slightly twisted structure at the central double bond due to the steric hindrance between the phenyl proton and the carbonyl oxygen. In contrast, thienoisoindigo (TII), in which the benzene rings of the II unit are replaced with thiophenes, is a completely planar unit since the nonbonding sulfur-oxygen interaction removes the steric hindrance to form a flat π-surface and enhance the charge delocalization coming from the quinoidal structure of the framework. 8, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In a previous study, we reported ambipolar TII-based small molecules, and these molecules displayed well-balanced hole and electron mobilities of 10 -2 cm 2 V -1 s -1 in spite of the one-dimensional π-system. 28 These results prompted us to design a more π-expanded TII-based molecule, benzothienoisoindigo BTII, to ensure strong π-π intermolecular interactions constructing dense forming a molecular packing preferable for effective charge-transport. In addition, the relationship between the structure and properties of a π-conjugated molecules on carrier-transport performance is worthy of being studied systematically.
In the present study, our efforts focus on the impact of the planar and π-expanded backbone of newly prepared BTII on carrier transport property by comparing those of II and TII derivatives in views of molecular structures, molecular packing motifs, and thinfilm microstructures. We now report the OFET performance of II-C6, 1 TII-C6, 2 and BTII-C6, 3 (Figure 1 ). Ambipolar characteristics were . The π-conjugated framework of 3 enhances intermolecular couplings and makes well-ordered microstructure in thin film, leading to high carrier mobility compared with 1 and 2. Our results provide an insight into the structure-property relationships for highperformance BTII-based semiconductors.
Result and Discussion

Synthesis and Characterization
The synthetic routes of 1, 2, and, 3 are shown in Scheme S1. 1, 4 and 5 were prepared according to previous reports. 27, 36, 37 For the synthesis of 3, the Ullmann-type amination of 3-bromobenzothiophene 5 with hexylamine afforded the aminated product 6. The subsequent treatment with oxalyl chloride provided the corresponding isatin 7. The coupling reaction of isatin 7 using Lawesson's reagent gave compound 3. The detailed synthesis procedures are described in the Supporting Information. The decomposition temperature defined as the 5% weight loss estimated from a thermal gravimetric analysis (TGA) were 299 °C for 1, 296 °C for 2 and 367 °C for 3 ( Figure S1 ). Except for molecule 3, the melting points were observed at 113 °C for 1 and 122 °C for 2. These observations indicated that the extended π-conjugation of the planar backbone improved the thermal stability, which is probably related to forming the tight intermolecular π-π stacking due to the enhanced π-π intermolecular interactions.
Theoretical Calculations
To evaluate the electronic structures and optimized geometries of 1-3, density functional theory (DFT) calculations using the Gaussian 09 program based on the B3LYP/6-31G + (d,p) level have been performed on methyl-substituted molecules. 38 Figure 2 shows the energy-minimized structures and the corresponding HOMO and LUMO orbitals of the methyl-substituted 1-3. The optimized molecular geometries of 2 and 3 are completely flat structures, while 1 is twisted by 12.9 ° at the central double bond. These Scheme 1. Synthetic route of 3.
results imply that TII and BTII are desirable materials for carriertransport since a high planar backbone often reinforces the π-π interactions to form a high crystalline film. 30 The HOMO and LUMO orbitals of all molecules are well delocalized over the π-conjugated skeletons. The calculated HOMO and LUMO levels are −5.89 eV and −2.99 eV for 1, −5.32 eV and −2.84 eV for 2, and −5.19 eV and −3.08 eV for 3, respectively. The high-lying HOMO and low-lying LUMO reduce the bandgap in the order of 1 < 2 < 3.
Optical and Electrochemical Properties
The optical and electrochemical properties of 1-3 have been investigated by UV-vis absorption spectroscopy and cyclic voltammetry (CV), and the data are listed in Table 1 . Figure 3 shows the UV-vis absorption spectra of 1-3 in a 10 -5 M chloroform solution and spin-coated thin films. All molecules exhibited the dual main absorption bands in both a solution and thin film, which consist of relatively strong bands in the high-energy region (350-400 nm for 1 and 2 and 370-470 nm for 3) and broad bands in the low-energy region (400-550 nm for 1, 450-550 nm for 2, and 500-800 nm for 3). The low energy absorption bands in solution were remarkably redshifted in the order of 1 < 2 < 3 along with the enhanced molar extinction coefficient (ε max ), indicating that this observation is basically consistent with the order of the molecular planarity and π-conjugation length. Compared to the solution spectra, the absorption spectra in the thin films of 2 and 3 showed an obvious red-shift, suggesting a considerable intermolecular aggregation in the solid state. Especially, the appearance of the more structural peaks for 2 and 3 than that for 1 would be due to the flat molecular structures enhancing the intermolecular π-π interactions. The optical bandgaps (E g opt ) estimated from the absorption onset in solution are 2.03 eV for 1, 1.88 eV for 2, and 1.57 eV for 3, agreeing with the DFT calculation results. The electrochemical potentials of E HOMO and E LUMO were determined from the onset oxidation potentials and reduction potentials of the cyclic voltammograms, which were calibrated by ferrocene/ferrocenium (Fc/Fc + ), whose redox potential was assumed to be −4.8 eV under vacuum level ( Figure 4 ). 39 Molecules 1 and 2 exhibited irreversible oxidation and reduction profiles whereas 3 clearly exhibited two separated reversible oxidation and reduction couples. Molecule 2 has higher HOMO and lower LUMO levels by ca. 0.2 eV than those of 1. This observation is related to the release of the steric twist of 1 to form the flat π-framework of 2.
Of particular note is that 3 has a high-lying HOMO level and almost the same LUMO level as 2, suggesting that the π-extension of 3, in which additional phenyl rings are fused to the TII unit, contributes to the increase in the HOMO level without changing the LUMO level. The resulting HOMO-LUMO gaps (E g CV ) are 2.31 eV for 1, 1.86 eV for 2, and 1.69 eV for 3, which are consistent with the optical bandgap trend. In general, the ambipolar characteristics for Au electrodes require a HOMO level above −5.6 eV and LUMO level below −3.15 eV. 40 The HOMO and LUMO levels of 2 and 3 satisfy these conditions. Therefore, molecules 2 and 3 are expected to exhibit an ambipolar performance in OFETs.
X-Ray Single-Crystal Structure Analysis
The X-ray structure analyses of 1-3 have been performed using single crystals grown by the slow diffusion of methanol into the chloroform solutions of 1 and 2 and chloroform into toluene solutions of 3. The crystallographic data are listed in Table 2 , and the molecular and crystal structures are shown in Figure 5 , 6, and 7.
Molecule 1 crystallizes in the monoclinic system with space group P2 1 /c. A half molecule, which is associated with the 2-fold axis along the c axis, is crystallographically independent ( Figure 5 ). Unlike the optimized structure estimated from the DFT calculation, the π-framework is almost planar in the solid state, and the alkyl chains are extended out of the planes. The molecules stack into , the calculated the HOMO and LUMO transfer integrals, t p = 68 meV for HOMO and t p = 51 meV for LUMO, also indicate a one-dimensional transport ( Figure 5 (c) ).
Molecule 2 crystallizes with the same P2 1 /c space group as molecule 1, in which the two half molecules A and B are crystallographically independent ( Figure 6 ). As expected, the TII unit of the A and B molecules adopt planar conformations, and the alkyl chains are extended out of plane. In the crystal structure, molecules A and B are connected through the H-bonding between the α-protons of thiophene and carbonyl oxygens to form infinite chains aligning along the a + c direction ( Figure 5(b) ). No noticeable intermolecular overlaps, desirable for charge-transport, are observed in the structure. Therefore, the calculated HOMO and LUMO transfer integrals are quite low: t p1 = 6 meV, t p2 = 3 meV, t q = 3 meV, t c1 = 2 meV and t c2 = 2 meV for HOMO integrals and t p1 = 2 meV, t p2 = 1 meV, and t q = 12 meV for LUMO integrals (Figure 6 (c) ). These small values imply the low charge-carrier mobilities of 2. Molecule 3 crystallizes in a triclinic system with the space group P( ), in which the half molecules are crystallographically independent ( Figure 7) . The π-framework of 3 has a flat conformation, and the alkyl chains are extended in-plane. Similar to the structure of 1, the molecules make one-dimensional slipped stacks along the a axis with the interplanar spacing of 3.40 Å, and the slip distances of 3 are 3.47 Å along the molecular long axis and 1.52 Å along the molecular short axis. The π-stacks connected through the infinite H-bonding chains along the b axis are aligned with a parallel orientation, which is indicative of the presence of side-by-side interactions in contrast to the structure of 1. The calculated HOMO transfer integrals along the stacks are t p = 69 meV, t q = 2 meV, and t c = 2 meV and the LUMO transfer integrals are t p = 57 meV, t q = 3 meV, and t c = 3 meV (Figure 7(c) ). These anisotropic intermolecular interactions also suggest that molecule 3 makes a one-dimensional transport.
Field-Effect Transistor Performance
In order to investigate the charge transport properties of 1-3, we fabricated bottom-gate/top-contact OFET devices with Au as the source and drain electrodes. The thin films (45 nm) were thermally deposited on the tetratetracontane (TTC)-modified SiO 2 /Si substrates. All the molecules 1-3 exhibited typical ambipolar FET performances, and the corresponding data are summarized in Table  3 . The transfer and output curves are provided in Figure 8 and S2, respectively. These results are because the energy levels of molecules 1-3 (Table 1 ) satisfy the requirements to display ambipolar characteristics (−5.6 -−3.15 eV). 40 Molecules 1 and 2 exhibited low hole and electron mobilities around 10 . These values are comparable or slightly improved compared to the TII-based copolymers 24, 31 and the previously reported TII-based small molecules. 28 This p-channel dominant character is because the HOMO level estimated from the CV measurement matches the Fermi level (−5.13 eV) of the Au electrode 42 , therefore, facilitating the effective hole injection from the Au electrodes to the thin film.
The structure analyses of 1 and 3 indicate a similar onedimensional transport system. However, the higher mobilities are achieved in the thin film of 3. This result suggests that the increased π-conjugation of the BTII unit enables significant co-facial π-π interactions, realizing a tight intermolecular packing.
In general, the substrate temperature during thermal evaporation influences microstructure and morphology in thin film, and thus we deposited thin film of 3 at an elevated temperature (80 ˚C and 100 ˚C) on the octadecyltrimethoxysilane (OTMS)-modified SiO 2 /Si substrates. The transfer and output curves are listed in Figures 8 and S2 . The thin film of 3 deposited on the OTMSmodified substrate at 80 ˚C exhibited p-type performance with higher hole mobility of μ h, max = 0.18 cm 2 V -1 s -1 than that of the device on the TTC-modified substrate. The SAM modification has strong impact of carrier transport polarity: the observed ambipolar behavior on the TTC-modified substrate beneficial for electrontransport basically accords with the previous report.
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Morphology of Thin Films
In order to clarify the difference in the FET properties, the thin film microstructure and surface topology of 1-3 on the TTC-modified In general, the small tilt angle is one of the factors for maximizing the carrier mobility since the chargetransport channel is parallel to the substrate. 44 Therefore, the large tilt angle of 1 is unfavorable for charge carrier transport, thus leading to the low mobility. In contrast, thin film of 2 showed low mobility in spite of the smallest tilt angle among 1-3, which would be attributed to poor transfer integrals calculated from the singlecrystal X-ray structure analyses. The higher mobility of 3 in comparison with 1 and 2 are owing to the tilt angles around [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] o with large transfer integrals coming from dense molecular packing and molecular size.
We next compared the AFM height images of 1-3 in order to understand the FET performances of 1-3. The different FET properties should also originate from the surface morphologies of the thin films, because microscopic thin film structures have a large impact on the charge-transport. 45 The thin film of 1 showed the largest plate-like grains among molecules 1-3, however, these grains are separated by obviously disconnected and defective Similarly, the thin film of 2 exhibited discontinuous plate-like domains, although the surface roughness was even reduced. This defective thin film morphology is responsible for the low carrier mobilities as well as the smaller intermolecular overlaps. The most important change was observed in the thin film of 3. Molecule 3 formed well-interconnected nanorod-like crystalline grains with the lowest RMS value. The fabrication conditions for the thin films of 1-3 are the same. Therefore, the extended π-conjugation of 3 would contribute to forming the crystalline grains which are laterally grown via an island-like mechanism. 46 As a result, the obtained surface morphology of 3 consists of nanorod-like crystalline grains, which makes dense and smoothly connected domains preferable for charge transport. All thin films of 3 deposited on the OTMSmodified substrate are consisted of larger nanorod-like crystalline grains compared with those of 3 on the TTC-modified substrate, especially when comparing the deposited films at r.t. (Fig. 10(c)-(f) ), suggesting SAM treatment has a significant effect on film formation. Among thin films on the OTMS-modified substrate, the dense domains and interconnected grain boundaries are formed in combination with the smallest tilt angle in thin film deposited at 80 ˚C. This is responsible for the highest mobilities of 0.18 cm 2 V -1 s -1 of 3. These findings concerning the thin-film microstructures of 1-3 would suggest that the molecular π-surface has a strong impact on the film-formation mechanism.
Conclusions
In this study, we have synthesized and characterized three sets of molecules 1-3 with hexyl side chains in order to understand the structure -property relationship in the FETs. In particular, the BTII of 3 is a novel π-expanded framework of TII. The absorption spectra are remarkably red-shifted in the order of 1 < 2 < 3 along with the enhanced molar extinction coefficient in the low-energy region. The high-lying HOMO and low-lying LUMO levels are realized by the molecular planarity and extended π-conjugation, and then the smaller bandgap of 3 is realized. The single crystal structures of 1-3 were analyzed. Molecules 1 and 3 are packed into one-dimensional columns composed of co-facial intermolecular overlaps whereas molecule 2 does not form noticeable intermolecular overlaps. , which is well associated with the HOMO energy level of 3. Systematic evaluation of the FET performance of 1-3 based on the molecular design concluded that the π-expansion of the TII unit, namely the BTII unit, influences the electronic structure, packing motif in the bulk crystal, and thin film structure, resulting in the improved FET performance. The present study provides a better understanding of the structure-property relationship of the TII-based molecules for the development of high performance ambipolar OFETs.
